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1. introduction 
Circular chloroplast (cp) DNA molecules contain 
as an outst~d~g feature a repeated region, which in 
Zea, ~~rny~orno~s and S~jn~~a is an invertedly 
arranged uplication [l-4], in Eug&zu a tandem tri- 
plication [5]. The repeated DNA region in all these 
species was found to include the genes coding for 
the plastid ribosomal RNAs [l--5]. It has been shown 
for Spireacia that these genes are transcribed to yield 
a precursor RNA molecule of which the mature 
rRNAs comprise about wo-thirds, and which contains 
spacer sequence of hitherto unknown function [6]. 
A similar arrangement of rRNA genes, yielding a 
single precursor, has been shown for bacterial rRNA 
operons [7]. In this case it is known that the RNA 
spacer between the two largest rRNAs is processed 
to yield tRNAs for either Ile and Ala or for Glu [7]. 
In the course of mapping tRNA genes [8,9] on the 
physical map of Spinacia cp DNA [3] we have found 
that the gene for one of the 22 cp tRNA species 
localized so far, tRN9, is located on a Sma I DNA 
fragment (Sma I,1 1) which carries part of the cp 
rRNA genes. We report here that this rRNA gene is 
part of the spacer sequence separating the 16 S and 
23 S rRNA genes. 
~omen~~~re: restriction endonuclea~ notations follow the 
suggestions of Smith, H. 0. and Nathans, D. (1973) J. Mol. 
Biol. 81,419-423. 
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2. Materials and methods 
Spinacia oieracea (var. Monopa) plants were 
grown in soil in a greenhouse with supplemental 
light during winter. Mature leaves were used for the 
isolation of cp DNA, ribosomes and tRNAs from 
structurally intact chloroplasts. For the isolation of 
cp DNA isolated plastids were treated with DNase 
and digested by proteinase K in the presence of 
detergent. The lysate was gently extracted with 
phenol. The average molecular weight of the cp DNA 
isolated was -50 X lo6 which is about half the 
circle size [9]. Chloropiast ribosomal subunits erved 
as the source for isolation of the 16 S rRNA (smali 
subunit) and the 23 S, 4.5 S and 5 S rRNAs (large 
subunit). The chloroplast tRNAs were separated by 
two-d~ension~ ele~trophoresis [lo]. Most of them 
have been identified [8] by charging with the specific 
amino acid, using bacterial or chloroplast aminoacyl- 
tRNA synthetases [ 111. Ribosomal RNAs and 
individual tRNAs were iodinated [121 and hybridized 
to filter-immobilized [ 131 DNA fragments or subfrag 
ments from the rDNA region, obtained by cleavage 
with various restriction endonucleases (Boehringer, 
Mannheim; New England Bio Labs, Berverly, MA) as 
stated in the legend to fig.1. DNA bands were resolved 
on O-8-2% agarose gels (MCI, Rockville), stained 
with ethidium-bro~de and photo~aphed under 
ultraviolet light (Polaroid film). Hybrid bands were 
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visualized by autoradiography on XR-5 film (Kodak) polyac~l~ide gel. The DNA sequence coding for 26 
after exposure for 2 days to 2 weeks. of these RNA molecules has been localized on the 
physical map of the spinach cp DNA molecule [8,9]. 
3. Results Twenty two of these 26 RNA molecules have been 
identified as tRNAs, Only one of the tRNA genes is 
The Spinacia chloroplast 4 S RNA preparation can yet located on DNA fragments which also carry rDNA 
be resolved into 35 spots on the two-dimensional sequences (fig.la,b). This tRNA gene codes for the 
FigI. Hybridization of 23 S rRNA or tRNAfe to spinach cp DNA fragments or subfragments produced by restriction endo- 
nuclease cleavage. From 2-4 ~1 of total cp DNA or 0.2-0.5 pg of the isolated Sma I,11 DNA fragment was used per gel slot 
(a, 0.65%; b-f, 1.75%; g, 0.60% agarose). (a) Digestion of total cp DNA using Sma I. An autoradiograph of 23 S rRNA hybridiza- 
tion (6 h at 68’C in 6 x 0.5 M NaCl/O.OlS Na; citrate is shown adjacent o the gel Pattern. The strong hybrid band (thick arrow) 
indicates the Smu I,1 1 DNA fragment; the weak band indicates the Sma I,14 fragment. (b) Autoradiograph of tRNA!le hybridiza- 
tion to the DNA fragments produced by Smu I digestion, showing the strongest band at DNA fragment Smu I,1 1. The upper 
weaker bands result from hybridization to intermediates produced by incomplete digestion. (c) Redigestion (left) of SW I,1 1 
with&m HI and autoradiograph (right) of tRNA, Ile hybridization. (d) Redigestion (left) of Smu I,1 1 with BgI II and autoradio- 
graph (right) of tRNAIle hybridization (indicated by arrow). The DNA fragment pattern shows additional intermediate bands 
derived in part from thz contam~ati~ fragment Smrr I.10 (see also f’). (e) Redigestion (left) ofSmo I,11 withHpa II and autoradio~aph 
(right) of tRNAIle hyb~~tion. (f) Redigestion (left) of Smu I,1 1 with Bgl II and auto~di~aph (right) of 23 S rRNA hybridi- 
zation (indicated by the solid circles). (9) Digestion (left) of total cp DNA with Krzp I and autoradiog~ph (right) of 23 S rRNA 
hybridization to the two largest DNA fragments (thin arrows). 
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isoaccepting species tRNA!le hyb~d~~~, for example, - - 23 S rRNA sequence. As can be seen ffig.1) the 
to the DNA fra~ent Sma “I ,l 1‘ (fii. 1 b) which ear&s 
part of the rDNA unit only [3,4]. 
Bgf II site in Sma I,1 1 separates the 23 S rRNA gene 
plus a few hundred bases of the spacer (2400 basepairs) 
from a DNA fragment (1500 basepairs) which con- 
sists almost exclusively of spacer sequence. 
The fragment Sma I,1 1 is 3850 basepairs long. 
According to the map of the spinach cp rDNA region 
[3,4] this DNA fragment includes part of the 16 S 
rRNA sequence (-100 basepairs) and ~1900 basepairs 
from the presumed S’end of the 23 S rRNA gene which 
is assumed to be 3500 basepairs long. The remaining 
1850 basepairs of fragment Sma I,1 1 have, according 
to mapping and hybri~ation data, to be placed as a 
spacer sequence between the two large rRNAs. 
Finer mapping of this spacer DNA sequence has 
been found performed using the restriction endo- 
nudeases Barn HI, Bgi If and Hpa i1 (fig.lc-e) which 
produce fragments down to -100 basepairs long. The 
serial order of the subfragments produced is based on 
the evaluation of partial digestion products of the 
DNA fragment Sma I,1 1 as well as by digestion of 
DNA fragments produced by several other restriction 
endanucleases which partially overlap the L&W I,1 1 
sequence (not shown) using the three endonueleases 
above. The resulting map is shown in fig.2. 
The enzyme &I 11 cleaves the DNA fragment 
Snaa I,1 1 only once in the spacer sequence. This site 
is separated by -500 basepairs from the start of the 
I 
As with Bgi II the enzyme Barn HI cleaves frag 
ment Sma I,1 1 in a way that the sequence of the 
23 S rRNA gene is contained in one subfragment 
(2000 basepairs) with a cleavage site just preceding 
the 23 S rRNA sequence (fig.lc). The spacer egion is 
cleaved more often by BaPnHI yielding 6 subfrag- 
ments {fig. 1~). The end of the 16 S rRNA sequence, 
assumed to be in the 3’-end, appears in a 150 basepair 
DNA fragment which is terminated by a 5%~ I and a 
Barn HI recognition site (fig.2). DNA fragments of 
-350,900, 150, 150 and 300 basepairs long follow 
with the latter DNA fragment just preceding the 
23 S rR_NA gene (fig.2). 
The endonuclease Hpa II, finally, cleaved the 
sequence of the 23 S rRNA gene more often than the 
spacer sequence, in contrast o enzyme Barn NI 
(fig.le, flg.2). ‘l%e largest of these Hpa II subfrag- 
ments (1200 basepairs) of fragment Sma I,1 i is 
derived entirely from the spacer sequence and over- 
laps partially with a 900 basepair f agment arising 
upon Barn HI digestion (Bg.2). 
- 
t 
b * ** ** *_ ** ** ** _* *_ ** .I .* “. ** * 
a. 
k-l._%_______ _!t. _. .. ..J * Ifi d 1 a Barn HI 
Fig.2. Physical map of the spacer region separating the 16 S and 23 S rRNA genes in Spliracin cp DNA. The map shows the 
arrangement of restriction endonuclease cleavage sites for the enzymes Barn HI, Bgi El and Hpn 11 on the DNA fragment &a f,l I. 
The ordering of fragments was deduced from analyzhg molecular weights of subfragments after incomplete and complete d&s- 
tion. P&age h-B%dlII @oekringer) and +174-H@? Iff @k+Labsj DNA fragments served as length standards. The resok~tion of the 
map is -50 base&s for DNA fragments 200-1000 basepairs long. 
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In fig.1 the autoradiograms obtained after hybri- 
dization of ‘251-labelled tRNAp (fig.lb-e,g) or 
16 S/23 S rRNAs (fig.1 a$) to DNA fragments of the 
rDNA region are shown adjacent to the correspond- 
ing DNA fragment pattern. Whereas the 23 S rRNA 
hybridizes olely to the largest of the Barn HI and 
Bgl II DNA subfragments, the tRNAile hybridizes to 
DNA fragments which have now been localized 
centrally within the spacer sequence. The position 
of the tRNAne gene can be placed on an -600 base- 
pair long DNL sequence which is separated by at 
least 600 basepairs from the 16 S rRNA and 600 
basepairs from the 23 S rRNA sequence (fig.2). 
In order to determine whether the tRNAille gene 
is present in both rDNA units of the cp DNA mole- 
cule it was possible to use hybridization of the tRNA 
to DNA fragments generated by the endonuclease 
Kpn I. The distribution of recognition sites of this 
enzyme within the inverted repeat segment and out- 
side the repeat allows the separation of the spacer 
sequence of the two rDNA units on two large DNA 
fragments [3 1. As is shown in fig.lg, tRNAp hybrid- 
izes to these two large Kpn I DNA fragments 
demonstrating the presence of the tRNA gene in 
both spacer sequences. 
4. Discussion 
We have shown by mapping of the spacer egion 
between the 16 S and 23 S rDNA sequence and by 
hybridization of the isolated tRNAp to DNA sub- 
fragments that the gene coding for this tRNA is part 
of the spacer in Spinacia cp DNA [9]. This finding 
confirms a suggestion made on the basis of the 
hybridization of total 4 S cp RNA to restriction 
endonuclease cleavage fragments [14]. More recently, 
still unidentified’tRNA genes have been found in 
equivalent positions of CWzmydomonas [2] and of 
Euglena [ 181 cp DNA. From animal mitochondrial 
DNAs (e.g., [IS]) it has also been reported that the 
spacer between the rRNA genes carries a tRNA gene. 
Using tine mapping of the spacer sequence in spinach 
we are now able to place the tRNA$ gene centrally 
between the 16 S and 23 S rRNA genes. 
The arrangement of the rRNA genes in Spinacia 
cp DNA shows a clear similarity to that found in 
E. coli (e.g., [7]) where two types of ‘rRNA-operons’ 
are known, one containing the tRNA genes for Be 
and Ala, the other only the tRNA gene for Glu, in 
the spacer between the 16 S and 23 S rRNA genes. 
Like the bacterial rRNA ‘operons’ [7] the rDNA unit 
in spinach cp DNA is transcribed as a single RNA 
molecule xtending from an unknown distance in 
front of the 16 S rRNA gene to at least the 5 S rRNA 
gene [6,16]. One of the processing intermediates 
from this 8 kilobase long transcript is -1500 bases long 
and should be the transcribed spacer between the two 
large plastid rRNAs [6]. We anticipate that this mole- 
cule includes the tRNAy. In the case of Spinacia 
cp DNA it will be necessary to determine whether the 
tRNAile gene and the rRNA genes do have a common 
promoter located anterior to the presumed 5’-end 
of the 16 S rRNA gene as is the case in E. cooli [ 171. 
At present it cannot be excluded that the tRNAtle 
gene is, despite its location in the spacer, part of the 
opposite strand to that coding for the rRNA genes. 
On Spinacia cp DNA no other tRNA genes have 
yet been found in the equivalent position (or within 
the spacer), but there are still several 4 S RNAs whose 
genes have not yet been located on the physical map 
[8,9]. The tRNA genes till to be identified include, 
for example, those for glutamic acid and aspartic acid, 
which are part of E. cob rRNA ‘operons’ [171, either 
in the spacer or at the distal end of one of the 
‘operons’. Even if only the inverted repeat DNA is 
considered there would be space available for such 
additional tRNAs distal for the 5 S rRNA gene since 
the 5 S rRNA gene is separated from the end of the 
repeat by -1500 basepairs. Finer mapping studies 
using cloned DNA, in combination with DNA and 
tRNA sequencing, might be considered, should the 
existence of a tRNA gene between the 16 S and 23 S 
rRNA genes prove to be of physiological or regulatory 
importance. 
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